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ABSTRACT

To evaluate the guidance and control loop of the Saturn vehicle
before the vehicle is flown, it is necessary to simulate each portion
of the hardware. These simulations are then assembled as part of a
closed loop simulation of the overall vehicle.

This report covers the portion which has to do with the ST-124
stabilized platform. The ST-124 has four gimbals.

Equations are derived that permit the individual gimbal angles of
the ST-124 to be studied. These equations are checked by comparing
with more conventional equations. The applications of the derived
equations as inputs for the guidance and control loop for Saturn are
discussed.
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DEFINITION OF SYMBOLS
Space-fixed coordinate system for guidance com-
putation.

Vehicle-fixed coordinate system for computation of
dynamics.

Time from launch.

Time of launch.

Eulerian angles defining desired orientation of
vehicle-fixed coordinate system in space-fixed
guidance coordinate system (Xg, Yg, Zg) when exe-
cuted in the sequence Xy, Xx, and Xz about the
vehicle-fixed axis indicated with subscripts. The
vehicle-fixed coordinate system is parallel with
the guidance coordinate at launch.

Inner gimbal angle (roll).

Inner-middle gimbal angle (pitch limited).
Outer-middle gimbal angle (yaw).

Outer gimbal angle (outer pitch).

Scalar components of ‘the vehicle's angular velocity
along the platform gimbal axes.

Scalar components of the vehicle's angular velocity
along the vehicle yaw, roll, and pitch axes, re-
spectively.

Instantaneous error signals in pitch, roll, and yaw,
respectively, obtained from resolver chain.

Actual gimbaled engine angular position for pitch,
yaw, and roll, respectively.

Gimbaled engine angular position for pitch, yaw,

and roll, respectively, as computed by control
computer.

iv




GSP

DEFINITION OF SYMBOLS (Continued)

The guidance signal processor is a modular package
which provides flexibility in the Saturn I guidance
and control loop. It contains the attitude command
resolver chain as well as other components which cannot
be integrated into the guidance computer because of
mission diversification and design alteration.
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SUMMARY

To evaluate the guidance and control loop of the Saturn vehicle
before the vehicle is flown, it is necessary to simulate each portiom
of the hardware. These simulations are then assembled as part of a
closed loop simulation of the overall vehicle.

This report covers the portion which has to do with the ST-124
stabilized platform. The ST-124 has four gimbals.

Equations are derived that permit the individual gimbal angles of
the ST-124 to be studied. These equations are checked by comparison with
more conventional equations. Finally, the applications of the derived

equations as inputs for the guidance and control loop for Saturn are
discussed.

SECTION I. INTRODUCTION

To provide the highest degree of confidence in the Saturn vehicle's
guidance and control loop, it is necessary to simulate each portion of
the hardware. These simulations are then assembled as part of a closed
loop simulation of the overall vehicle. Error tolerances are then intro-
duced and the effect on the mission is analyzed.

The three guidance commands ( X4, Xy, X, ) are taken from the output
of the guidance computer. The resolvers of the guidance signal processor
(GSP) are simulated by matrix transformation. The resolver outputs of
the GSP are routed to the inputs of the platform resolver chain. The
dual frequency characteristics of the GSP resolver chain and platform
resolver chain are represented by two identical matrix transformations
with different inputs.



The platform resolver chain is represented by matrix transformations
as usual. Equations are derived to compute the ST-124 gimbal angles
( 6y, Qpl, by ) for this transformation. 64p equals X,, a known angle.

The appropriate outputs of the platform resolver chain are routed
to the control computer. Engine swivel angles are computed in the control
computer. These swivel angles are inputs to equations of motion which
represent the vehicle.

SECTION II. ST-124 GIMBAL ANGLES

The equations of motion of a rigid body, such as a rocket in flight,
require a set of equations to compute the attitude of the vehicle relative
to a space-fixed coordinate system. A conventional set of these equations
is stated in the Appendix.

The gimbal angles of a stabilized platform define the attitude of
the vehicle relative to the space-fixed coordinate system maintained by
the platform. The gimbal angles of the ST-124 stabilized platform are
important quantities in the operation of the guidance and control system.

Coordinate transformation resolvers are used in each gimbal to trans-
form guidance commands from space-fixed coordinates to vehicle coordinates.
A detailed study of the resolver chain in the guidance and control loop
requires a knowledge of the gimbal angles. The design of the ST-124
stabilized platform makes the proper functioning of the guidance and con-
trol system dependent upon the relative magnitudes of the platform gimbal
angles. The magnitude of the gimbal angles is dependent upon the guidance
commands and the dynamic response of the vehicle to these commands; there-
fore, it is extremely desirable to simulate the platform gimbal angles in
the guidance and control loop of the vehicle simulation.

SECTION III. ST-124 GIMBAL ANGLE EQUATIONS

The vehicle's angular velocity is represented by a vector, &, per-
pendicular to the plane of the rotation angle. The gimbal angle velocities
are O, 9P1, Gy, and 90 These are scalar components of the vehicle's
angular velocity vector along the platform gimbal axes.

If it is assumed that ér, y> o , and the gimbal angles, 6, ,
0 pl> p» are known; the sca?ar components of the vehicle angular
veloc1¥y vector ¢x, Bys Bz along the vehicle axes may be computed by
considering the transformatlon instrumented by the platform.
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0. is a rotation about the Yg axis; 6, is along the Y  axis.
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ér is not affected by this rotation, but it will be affected by the

three succeeding rotations. The components of #x s éy, and #, as a result

of 6, are computed by
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Ay, A3, and A4 are rotation matrices defined above.

6 1 is in the Xsl, Ysi, Zsl coordinate system; epl is along Zg3.
The components of @y, ¢y, and @, as a result of epl are computed by
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® is in the Xsa, Yse’ zsz coordinate system.
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The remaining rotation is about the Zg3 axis. This carries the Xg3, Yg3,
Zg3 coordinate system into the vehicle coordinate system.

=7 T — —
L 0
op
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0, 6
__zeop | 03

éo is along the same axis as ®z There are no components of éop along
the same axes as @ and 0y

The resultant angular velocity about each axis (¢x, ,éz ) is the
sum of the respective components as a result of 9 » 6pl, gy: and 9
The equations become

O = 2118y + D0, ¥ B0,

0, = D18y + by +by8 (6)

0y = Ogp = P38 ¥ B350,

.

Xz, which is a known angular rate,

op
where
b11 = oS Oop
b12 = cos GOP sin Qpl + cos Gpl cos Qy sin 90
b13 = sin gop sin 0
b21 = -sin eop
b22 = -sin 90p sin epl + cos Qpl cos Oy cos 90

b23 = cOs gop sin O




and .
all = cos eop ~- sin eop tan epl cos O
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op o tan 6 1 cos O )
a13 = sin O tan 6 1

sin 0 cos O
op Y

a —
21
cos epl
cos O
. op cos Oy
22 cos O
pl
sin O
a = =~
23 cos O
pl

a31 = sin Qop sin ©
a32 = cos Qop sin O

a33 = cos Gy

Equation 7 may be solved for ey, 6y, and Gpl by either a digital
or analog computer. This is an advantage because it will not restrict
the choice of computer for simulating the vehicle.

These equations have been checked by programing equations of motion
for a 7090 computer. The basic flow diagram for these equations is the

same as FIGURE 1.

The platform resolver chain in FIGURE 1 is simulated by substituting
Oop and the solutions, 6y, 6p], and 9y, of these equations into the matrix
product of equation 1. This product, A; A3 Az Aj, is the transformation
matrix between the space-fixed coordinate system and the vehicle coordi-
nate system.

This matrix, A, A3 Ay Ay, is checked quantitatively by a parallel
computation of the gimbal angle equations and the set of equations stated
in the Appendix. The nine elements of the matrix, A4 A3 Ap Aj, should be
equal to the respective elements of the matrix formed by the solution of
the equations in the Appendix. These elements agree.
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ox, 0 and Qz are known from the equations of motion. The equations
may be solved explicitly for 9 Gpl,and 6y, provided the determinant
of the coefficients is non- zero Let the matrix of the coefficients be
B. Then,

|8| #0
is the requirement for a solution to exist. Evaluation of |B |yields

| B |= cos gpl'

This is zero for @ pl = % . However, the design of the platform restricts
0 to
pl

-20° < 051 < + 20°

Thus, the singular points are avoided. The solutions of equation (6) for
éy, épl’ and 0, yield

9, = 211 0, + 2y, 0, + 213 (@5 - 0,) (7

Op = 8510, + 35,0, + 3,3 (0, - 6,)

Op1 = 3310+ 330y + 235 (0, - 6 )

At t = to’ the initial conditions are

0, = 8,(t,) 0. = 0 (to)

op = 0,(t,) 0, = 0.(t,)

051 = 9,51(8,) 0, =0,(t,)
eop = Xz(to)
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FIGURE 1. SIMPLE BLOCK DIAGRAM OF SATURN GUIDANCE AND CONTROL SIMULATION,

SECTION 1V, CONCLUSION

This simulation of the platform gimbal angles offers numerous
advantages and possibilities for study of the platform and its use in
the guidance and control system.
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APPENDIX
TRANSFORMATION MATRIX EQUATIONS
The following equations were used to check the gimbal angle equations.

The derivations of these equations are adequately presented in the litera-
ture. Consequently, they are only stated here.

dyy = 45,0, - dy39
&12 = d13®x ) dlléz
é13 = d11¢y i} d12¢x
dyy = dpofy - d23é)y
a.. =4d..0 -d .0

22 23"x 2172

dy3 = d210y - 40

d3y = d3p0, - daqfy

dyp = d340, - 43,9

33 = %31% 7 %32

and initial conditions.

The transformation matrix given by the solution of these equations
transforms from vehicle coordinates to space-fixed coordinates. It is

di1 diy dy3
dsq oY) ds3
d3q d3y d3q
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